Polyaniline (PAN) was prepared by using a technique of chemical synthesis to obtain the insulating emeraldine base form. And then PAN was doped with toluenesulfonic acid (TSA), HCl, or camphor sulfonic acid (CSA) to protonate it into conducting salt form. The morphologies and electrical property of PAN under atmospheric pressure were investigated. Subsequently, the high pressure using a Bridgman anvil cell was applied on the doped PAN, and the effect of high pressure on the properties of doped PAN was analyzed. At normal pressure, the conductivity of PAN increases as the PH value increases. While at high pressures, the conductivity of PAN increases, and then it becomes independent of pressure. The results indicate that the conductivity of PAN is related to the presence of the polaron band, and the doped PAN under high pressure will be enhanced strongly in conductivity because of overlap of polaron band and band. However, with the further increase of the applied pressure, scattering mechanisms of carriers limit the conductivity of PAN.
Introduction
PAN is one of the most widely investigated conducting polymers because of its diversified structure, excellent physical and chemical properties, good stability, and a unique doping mechanism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , among which the electrical property of PAN has been paid the most attention.
The conductivity of PAN is not high enough [1, 4] . To overcome this problem is to use the doping process [6, 9] or to apply the high pressure, while PAN under high pressure will show different electrical properties in contrast to the atmospheric pressure, which can be widely applied in fields such as new pressure calibration materials, buffer electrode materials, recharge batteries, and solar cells [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Generally, there are two methods to study the structure and properties of PAN under pressure. One is application of high pressures after the synthesis of PAN; the other is in situ polymerization of PAN under various pressures [13, 16] . The latter, however, has some disadvantages; for example, the reactor must be maintained at low temperature (5 ∘ C). In addition, the applied pressure is not high enough (10 8 pa).
To investigate the structural and electro-optical properties of PAN synthesized under atmospheric pressure, the high pressure apparatuses such as the diamond anvil cell and Bridgman anvil cell are often used. It is difficult to obtain high pressure by using the hydrostatic high pressure apparatus [18] , and the sample shape may change in the process of applying high pressure. Although the diamond anvil cell [19, 20] can reach a very high pressure (66 GPa), its pressure datum is very large compared with similar devices. The electrical properties of PAN with a certain dopant and a certain doping concentration were studied by Cui et al. [17] using the Bridgman anvil cell, but they did not interpret the saturation section in pressure-resistance curves.
The electrical property of PAN under high pressure changes greatly in contrast to the atmospheric pressure. Moreover, little work has been reported on PAN with different doping concentrations and doping agents under high pressure. In this work, we present the electrical resistivity measurements at high pressure using the Bridgman anvil cell on samples of PAN and analyze intensively the mechanism of conduction in PAN. 
Post Treatments of PAN.
PAN was loaded into the mold and pressed into a diameter of 4 mm and the thick of 1 mm discs under a certain pressure. Two pyrophyllite gaskets (26 mm in diameter, 1.05 mm in thickness, with a hole of 4 mm) were used as the pressure medium and sealer. PAN discs were fitted in the central holes of the pyrophyllites. Mica pieces of 0.05 mm thickness were placed on the top and the bottom of the samples as the insulators. Four copper wires (i.e., A, B, C, and D) were inserted between the two sample discs to perform the electrical resistance measurements by the four-probe Van der Pauw method. The schematic sample PAN assembly is shown in Figure 1 . A set of Bridgman anvils [21] was used to produce high pressure. The anvil is made of tungsten carbide, and the top diameter is 26 mm. The relationship between the oil pressure and the actual pressure in the sample was calibrated by using the known phase transitions of bismuth and barium. The compression in the sample was considered to be nearly hydrostatic because the size of the sample is sufficiently smaller than the compressible gaskets, and so it is in the elastic region of the soft medium gaskets.
Results and Discussion
Figure 2(a) shows the SEM (Japan JSM-5900LV) images of the sheet made from the doped PAN. The surface is relatively flat, and the distance between the PAN molecular chains is not reduced because of the low pressure. So, the properties of PAN are only related to the doping type and doping concentration, which are in agreement with the results of the electrical property under the atmospheric pressure. As shown in Figure 2(b) , the surface of PAN sheet at high pressure (∼2 GPa) becomes denser and rougher, which is the same as the morphology observed by Karami et al. [14] who did not find a network made of nanofibrils [16] . It is found that some regions have a clear network morphology, which is similar to the nanostructured PAN of 2D, 3D mesh prepared by the electrochemical method [25] . The formation of the network morphology is related to the reduced distance between the molecular chains, which leads to the decrease of the internal infects and free volume in materials; thus, the electrical property is significantly improved. Table 1 shows that the resistivity of the doped PAN decreases significantly with the increase of doping concentration under the atmospheric pressure. The resistivity of PAN doped with various acids is different due to the unique conductivity mechanisms of PAN. When PAN is doped with different acids, the electronic structure changes a lot that causes huge differences in electronic property, as confirmed by Raman spectroscopy or UV-vis-NIR spectra [4, 6, 9] . Cochet et al. [9] investigated the changes of electronic structure and vibration patterns of PAN doped with HCl and CSA by Raman spectroscopy and UV-vis-NIR spectra. Besides, Rannou et al. [6] found that different dopants mixing with different solvents can form a secondary doping [4] , which makes a coillike conformation of PAN into an expanded coillike conformation and thereby significantly enhances the conductivity of PAN. In this work, the solvent is m-cresol; the electrical property of PAN treated with three kinds of acids is different. The resistivity for doped samples is close to the data reported in the literatures [4, 10] . The pressure dependence of the conductivity of doped PAN is shown in Figures 2-4 . Figure 2 shows the effect of different concentrations of CSA on the PAN conductivity at high pressure. For the doped sample with the 0.05 M CSA, the conductivity tends to reach saturation (∼26 Ω cm) under 3.5 GPa, while for the heavily doped (0.1 ∼ 0.5 M) sample, the conductivity tends to reach saturation (∼2.5 Ω cm) under 1.5 GPa. For the HCl-doped sample (Figure 3) , the conductivity almost does not change with increasing pressure more than 2.5 GPa at the low concentrations, while the conductivity becomes independent of pressure under 1.0 GPa at the high concentrations. Similar behavior for PAN doped with 0.5 M TSA is observed as shown in Figure 4 . With the increase of pressure, the electrical property of the doped PAN at low concentration changes significantly (Figures 3-5) . The resistivity decreases rapidly, but when the pressure is up to a certain value (1.0 ∼ 3.5 GPa), the change in resistivity will tend to saturate, which is in good agreement with the result of the other reported literatures [14] [15] [16] [17] [18] [19] [20] . The reason is that when high pressure is applied, the distance of molecular chain decreases; the overlap of molecular orbit and the interactions of interchain increase; thus, the electrical conductivity of PAN increases. For PAN doped with TSA, HCl, or CSA, the changes in resistivity with increasing pressure are not very obvious at high doping concentration (Figures 3-5) . Although the saturation regions of resistivity are different with various dopants, the resistivity of PAN as function of pressure shows the similar trend (Figures 3-5 ). The differences in saturation regions may be related to test methods [14, 15, [17] [18] [19] , doping agents, or synthetic process [20] . For example, there are differences between the experimental and Hertz formula conditions at the highpressure experiments. Besides, the sensitivity of pressure is different for the various doping systems, which is mainly due to the different electronic structure for PAN after doping [9] . Now, we discuss the influences on electrical properties of PAN caused by doping acids and applying pressures according to energy band structures. The conductivity of solid is generally found to be correlated with carriers such as free electron, electron, or hole. The conducting mechanism of conducting polymer is different from the metal and semiconductor. The carriers of conducting polymer may be soliton, polaron, or dipole. As can be seen from the energy band structure (Figure 6 ), intrinsic PAN only shows optical transition: → * , which means that energy band gap is 3.44 eV. Therefore, intrinsic PAN is an insulator (Figure 6(a) ).
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When PAN is doped with TSA, HCl, or CSA, it produces unstable dipole; then the dipole separates into the polaron that forms half-filled polaron band in the energy gap ( Figure 6(b) ) [26] , whose site is 1.59 eV away from band and about 2.82 eV from * band. It is clear that the carrier is easy to form transition of polaron band → * and → polaron band at the presence of the polaron band, and the conductivity of PAN is enhanced.
When pressure is applied, the defects in PAN decrease. This leads to the decrease of possibility of polar generation and annihilation and the increase of interactions and delocalization. Meanwhile, the transition probability of carrier through the polaron band increases, so the conductivity of PAN increases. Molecular chains of PAN stretch fully, and conformations change with increasing the pressure, and the polaron bands disperse to a higher degree in the energy band structure and overlap with band. The transition of → * , polaron band → * , and → polaron band will disappear; instead, free carrier absorption will present similar to the metal (solid arrow in Figure 6(c) ). Therefore, it shows the metal-like conductivity mechanism. The overlapping phenomena become more obvious as the pressure increases and the electrical conductivity will increase due to the increases of the carrier concentration (Figures 3-5) . However, when the pressure reaches to a certain value (such as 1.0 ∼ 3.5 GPa in this work), the pressure saturation regions in the curves are present because the scattering mechanisms that limit the mobility of carriers with the increase of the carriers should be taken into account [27] . Finally, electrical resistivity of PAN reaches saturation (Figures 3-5 ).
Conclusions
PAN was prepared by using the technique of chemical synthesis. The electrical conductivity of PAN with different doping systems and doping concentrations could be improved in a certain extent under the atmospheric pressure, while it increases by an order of magnitude (as 0.5 M HCl doping: 4.5 Ω cm → 0.3 Ω cm) under high pressure. The increase of the PAN conductivity is mainly related to the dispersion effect of the polaron band and the increase of the carrier concentration under high pressure. The presence of the polaron band leads to the electrical conductivity change in PAN. When the applied pressure reaches to a certain value (1.0 ∼ 3.5 GPa), the scattering mechanisms of carriers for PAN limit the increase of the electrical conductivity.
